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The formation of a scale on a compressor blade surface is inevitable, and the study of the distribution of the scale can provide
effective guidance for the cleaning of a wing engine. Using the waste liquid collected from the engine during the wing water
washing process as a data sample, the main components of compressor blade surface fouling were analysed, which included
49.9% S§i0,, 14.5% FeO, 11.5% Al,O;, 9.4% CaO, etc. Based on JKR contact theory, a model for calculating the total thickness of
the fouling layer on the blade surface was established. Through a simulation experiment on the fouling of a blade surface, the
number of particulates deposited on the pressure surface was lower than the amount of the secondary deposition mass on the
suction surface. From contrastive analysis of the results of perforation, the fouling is divided into three types: loose, dense, and
transitional. The surface of a single blade can be divided into four different fouling areas. The parameters of the engine cleaning

process can be designed according to the characteristics of the fourth area.

1. Introduction

An aero engine needs to continuously pull in air while func-
tioning, and the suspended particulate pollutants in the air
are inevitably be drawn into the engine and gradually adhere
to the blade surface or edge to form fouling. The fouling on a
blade surface has an important effect on the engine perfor-
mance. Fouling results in surges in severe cases and poses
hidden dangers to flight safety, which has aroused wide-
spread concern.

Kurz etal. [1, 2] conducted an experimental study of foul-
ing adhesion on the blade surface, quantitatively analysed the
amount of fouling formed on blade surfaces under different
conditions, and believed that the retention mode of particu-
late matter was related to the boundary layer shear stress.
Osvaldo and Zuniga [3] found that oil residues caused by
seals, steel, and aluminium particles generated by the wear
of seal brushes and bearing parts and internal wear all con-
tribute to fouling inside the compressor source. Tarabrin

et al. [4] believed that due to the structural differences
between the pressure surface and suction surface of the
blades and the complex structure of the inner wall of the
engine, the flow direction of the airflow changes, resulting
in the accumulation of particulates trapped in the airflow.
Song et al. [5] believed that the particles were mainly
transported to the pressure surface of the blade under
the action of inertial force, so the fouling on the pressure
surface was mainly caused by larger particles. Yang and
Xu [6] found in their research that the fouling of the lead-
ing edge of a blade is mainly affected by large particles,
the mechanism of which is inertial impact, and the forma-
tion of a scale on the pressure area of the blade is mainly
due to the impact of large particles after the deviation of
the adjacent suction surface. Mathioudakis and Tsalavou-
tas [7] believed that the greater the relative humidity of
the air is, the easier it is for water vapor to condense into
a thick liquid film on the surface of the compressor blade,
causing the dissolved particles to adhere to the blade
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(2) Waste liquid collecting

FiGure 1: Collection and treatment of scale.

surface. Fielder [8] pointed out that natural environmental
factors such as dense fog, rain, and snow and excessive
humidity accelerate the adhesion process of particles. The
size of the particles determines the movement trajectory
of the particles and the influence of turbulent diftfusion.

However, research on the distribution of scale on the
blade surface still needs to be improved. First, the calculation
model for the thickness of the scale deposited on the surface
of a compressor blade has not been accurately judged. Addi-
tionally, the distribution of scale on the blade surface has not
been quantified. Therefore, in this paper, research is carried
out on the distribution trends of fouling mass and thickness
calculation models for the surface of an engine compressor
blade. The zoning method is used to analyse the changes in
fouling mass and fouling characteristics, which provides
guidance for the optimization of the parameters of the engine
wing water washing process.
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FIGURE 2: Compressor blade fouling.
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FIGURE 3: Schematic diagram of the experimental system.

2. Collection and Analysis of Scale Samples on
the Blade Surface

The composition of the fouling on the blade surface has
an important influence on the fouling rule. It is necessary
to develop the sampling and analysis of the fouling on the
blade surface to obtain the composition of the fouling. The
cleaning of a wing engine provides a good opportunity to
obtain scale samples from the surfaces of blades. A mea-
suring cup is used to collect the cleaning waste liquid
flowing out of the residual water hole of the engine. The
sampling and analysis process of the waste liquid sample
is shown in Figure 1. First, the sample is heated and dried
to evaporate the water in the waste liquid, and finally, a
scale sample of solid particles is obtained. Second, the
glass sample is ground using a glass grinding rod and a
grinding bowl to make the scale particles discrete, and
finally, an energy dispersive spectrometer is used to mea-
sure and analyse the sample.

Through analysis of the scale samples, the scale compo-
nents are obtained. The main elemental composition of scale
includes C, N, O, Na, Mg, Al, Si, and other components.
According to the atomic mass fraction, the sample contains
CaO0, SiO,, MgO, Al,O;, etc., where SiO, comprises 49.9%,
FeO comprises 14.5%, Al,O; comprises 11.5%, CaO com-
prises 9.4%, Na,O comprises 3.7%, and TiO comprises 3%.
The remaining impurities account for 8%, as shown by the
detailed mass scores in Figure 2.

3. Experiment on Fouling of Compressor
Blade Surface

3.1. Experimental System Construction. Figure 3 is a sche-
matic diagram of a simulation experiment platform system
for fouling on a compressor blade surface. The test system
is composed of a fan, a rectifier net, an air pump, a pneumatic
sprayer, a nozzle, a blade under testing, a particulate recovery
box, and its culvert. The maximum air volume of the fan is
13980 m*/h, and the speed is controlled by the inverter. Dur-
ing the experiment, the pneumatic sprayer sends the particu-
late matter into the experimental cavity through the nozzle.

Fan

FIGURE 4: Experimental system physical map.

Under the action of the fan, the air velocity in the cavity is
approximately 20 m/s. After passing through the rectifying
mesh, the particulate matter enters the area of the tested
blade and gradually forms a scale on the surface of the blade.
After passing through the blades, the particulate matter
enters the recovery box for collection. The undeposited par-
ticles are collected by the bag filter in the recovery box, and
the airflow without particulate matter is discharged into the
atmosphere.
The actual experimental system is shown in Figure 4.

3.2. Particulate Matter Ratio. The scaling of solid particles is
completed in a gas-solid two-phase flow field. This system
uses the blower process to simulate the gas-solid two-phase
flow field. The experimental gas medium is air (20°C) at nor-
mal temperature, its density is 1.293 kg/m’, and its dynamic
viscosity is 1.8 x 107 Pa - s.

According to the research results of the relevant literature
[9], the size of the scale particles is 16 ym. The proportions of
scale particles are 49.9% SiO,, 14.5% FeO, 11.5% Al,O,, and
9.4% CaO. The remaining scale components are replaced by
water-insoluble SiC particles, so 14.7% SiC particles are
added. The composition ratio of particles in the scale simula-
tion experiment is shown in Table 1.



4

TasLE 1: Composition ratio of particles in the experiment.
Composition Sio, FeO AL O, CaO SiC
Ratio (%) 49.9 14.5 11.5 9.4 14.7

4. Theoretical Analysis of the Thickness of the
Fouling Layer on the Blade Surface

Solid particles are coupled with a variety of forces inside an
engine and gradually deposit to form fouling. The deposition
process can be divided into three stages: (1) The particles
move with the air flow due to rotation. At this time, the par-
ticles are subject to drag forces and electrostatic forces, and
thermophoretic forces, inertial centrifugal forces, and van
der Waals forces change the speed of the particles. (2) The
particles collide with the blade wall surface; some particles
are gradually deposited to form a loosely deposited adhesion
layer, and the others rebound from the surface, returning to
the flow field at a certain speed. (3) During the accumulation
stage of the scale layer, the loosely deposited adhesion layer
continues to accumulate under the impact of temperature,
pressure, and other solid particles, and phase change adhe-
sion even occurs, forming a relatively dense dirt layer, as
shown in Figure 5.

The movement of solid particles in the inner tract is a
typical gas-solid two-phase flow. When the particles touch
the surface of the blade, the particles themselves are
deformed. The profile of the blade surface affects adhesion
and binding. This belongs to the category of contact theory.
Typical contact theories include Hertz contact theory, JKR
theory, DMT theory, M-D theory, GW theory, and Persson
theory [10].

The fouling process of the low-pressure compressor blade
surface conforms to JKR contact theory. Combined with the
research results of the literature ', the thickness H of the
scale deposit on the blade surface follows the following rela-
tionship:

H=f(T,F,t,C,0,q). (1)

In the formula, T is the engine working time, s; F is the
compressor air flow rate, m’/s; t is the compressor working
temperature, K; C is the particulate concentration, kg/m’;
0, is the solid particle scaling stress, Pa; and « is the contact
angle between the solid particles and the blade surface and
is dimensionless.

Let d, be the contact radius without considering the
adhesion force, d, is the contact radius with the adhesion
force considered, and the contact surface is equivalent to a
circle with radius d, as shown in Figure 6. The solid particles
in contact with the blade surface have a total energy of U sat-
isfying U = f(A), where A is the contact area and A = d”.

According to the contact area, the contact stress between

the solid particles and the blade surface o, can be obtained:

p
jSzkz- (2)
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FIGURE 5: Particulate matter and blade surface contact process.

FIGURE 6: Schematic diagram of contact between particle and blade
based on JKR contact theory.

TaBLE 2: The mass of particles deposited on the blades.

Pressure surface deposition  Suction surface deposition

No. mass (g) mass (g)
1 0.05304 0.06749
2 0.05122 0.06607
3 0.05200 0.06830
4 0.05616 0.06983
5 0.05685 0.07026

In the formula, P is the impact force between the particle
and the blade, N; k is the correction coefficient, k = 0.01; Oj is
the contact stress between the particle and the blade, Pa; and
A is the equivalent contact area between the particle and the
blade surface, m’.

Under the condition of a certain temperature, the solid
particles collide with the blade to produce contact stress.
When the contact stress 0, reaches or exceeds a certain crit-
ical value, the particles undergo plastic deformation, and the
particles change from an ideal elastomer to an ideal plastic
body. When the physical and mechanical properties of the
particles are consistent with an ideal plastic body, the critical
value is defined as the scaling stress o, of the particles. After
the particulate matter is combined with the blade to form
fouling, the contact area is A;, and then the single solid

particulate and the blade surface form a fouling thickness of
height h.

\%4
h= g (3)

The total thickness of the scale layer on the blade surface
can be expressed as

H=Y" h. (4)
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In the formula, A, is the contact area of single particles to
form the scale, m% V is the volume of solid particles, m’; & is
the thickness of the sscale layer formed by single particles, m;
h; is the thickness of the scale layer formed by different par-
ticles, m; N is the number of particles deposited in the same
area of the blade; and H is the total height of the scale layer
formed by N particles deposited in the same area on the sur-
face of the blade, m.

5. Analysis of Results

There are a total of three blades in the experimental system.
Considering the influence of the boundary layer in the simu-
lation process of scaling, only the intermediate blades are
selected for the analysis of the experimental results to ensure
the rationality of the experimental results. In this experiment,
a total of 5 full-scale simulation experiments are carried out.
After each experiment, the sediment on the surface of the
middle blade is measured and analysed, and the blade is
cleaned again and then dried for the next experiment.

5.1. Deposition Mass Measurements. The deposition mass is
an important indicator for measuring particle deposition.
The deposition mass of the scale on the surface of a single
blade is very small, generally on the order of 10 g. In the
experiment, a 0.00001 electronic balance is used to measure
the deposition mass to ensure the accuracy of the experiment.

In the experiment, the air volume of the fan is set to
800 m>/h, the particle concentration is adjusted to 50 g/m’
through a powder feed sprayer, and the results of the five
experiments are weighed. The deposition amount on the
blade surface is shown in Table 2. The standard deviation
of the mass of the deposition on the surface of the blades is
small, below 107,

It can be seen from the measurement results that the
number of particulates deposited on the pressure surface is
lower than the secondary deposition mass of the suction sur-
face; the average value of the particulate deposition on the
pressure surface is 0.05385 g, the average value of the deposi-
tion mass of the suction surface is 0.06839 g, and the differ-
ence between the scale accumulation on each side of the
blade is 0.01454 g. Figure 7 shows a comparison of the
amounts of scale deposits on the blade surface.

5.2. Observation of Sediment Distribution Patterns. The dis-
tribution of solid particles on the compressor blades is an
important part of the study of particle deposition. Using a
camera to photograph the scaled blades, the distribution of
sediment particles on the blade surface, as shown in
Figure 8, is obtained. Comparing the images of the five exper-
iments, it can be found that the particle deposition morphol-
ogy on the blade surface is very similar, so the difference
between the blades can be ignored, and a morphological anal-
ysis is performed based on the results of a single experiment.

5.3. Contrastive Analysis of Penetration Testing. Penetration
is an important means of nondestructive testing of the engine
state in the wing. A flexible probe with an optical lens is sent
into a borehole, and an internal image of the engine is
obtained using optical imaging principles, which is then ana-
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FiGure 7: Comparison of the scale qualities of the blade surface
areas.

Pressure surface Suction surface

F1GURE 8: Observation of the surface morphology of the compressor
blade surface area.

F1GURE 9: Dirt classifications.

lysed and evaluated regarding the status of the engine. This
provides a decision-making basis for fault diagnosis and
maintenance plan formulation.

Figure 9 shows the results of compressor blade borehole
inspection. It can be seen from the figure that the fouling is
mainly concentrated on the trailing edge of the blade and
the root area of the blade. A large amount of accumulated
fouling occurs on the trailing edge of the blade, and the foul-
ing layer of the blade is relatively thin. Analysis shows that



FiGURE 10: Pressure surface dirt zones.

the scale is divided into three types: loose type, dense type,
and transitional type. As shown in Figure 9, No. 1 is the loose
type, No. 2 is the dense type, and No. 3 is the transitional
type.

The scaling of a single blade can be divided into four dif-
ferent fouling areas through analysis, as shown in Figure 10.
Area 1 is the leading edge fouling layer, and the main feature
of this area is that the fouling layer is thin and dense. Area 2 is
the transitional scale layer in the middle of the blade, which is
characterized by a sparse and discontinuous scale. Area 3 is a
trailing edge scale layer, which is characterized by a firm but
sparse scale. The trailing edge scale area is the 4th area, and
the scale layer is thick, with massive amounts of accumula-
tion and high hardness.

To achieve complete cleaning, the energy of the cleaning
fluid must exceed the dirt binding energy. According to the
dirt distribution characteristics on the surface of the blade,
the dirt binding energy in the 4th zone is the highest. This
area is cleaned, so in the design process of the scale cleaning
process parameters, the design calculations are mainly car-
ried out for the scale 4 area to ensure the complete removal
of all the scales on the surface of the compressor blade.

6. Conclusion

In this paper, in accordance with the design requirements of
the on-wing engine cleaning process parameters, the trends
of surface area fouling of compressor blades were studied:

(1) Using a surface sample from the compressor blade
surface, the composition of the fouling on the aero
engine compressor blade surface was obtained, which
included SiO, 49.9%, FeO 14.5%, Al,O; 11.5%, CaO
9.4%, Na,O 3.7%, TiO 3%, and remaining impurities
8%

(2) A theoretical analysis was carried out for the thick-
ness of the fouling layer on the surface of a compres-
sor blade. Based on JKR contact theory, the factors
affecting the fouling thickness on a blade surface were
analysed

International Journal of Photoenergy

(3) Through a simulation experiment of particulate foul-
ing on the surface of compressor blades, it was found
that the number of particulates deposited on the
pressure surface was lower than the secondary depo-
sition mass of the suction surface, and the difference
between the fouling deposition on each side of the
blade was 0.01454 g. Compared with the results of
engine drilling, the dirt was divided into three types:
loose type, dense type, and transitional type. The sur-
face of a single blade can be divided into four differ-
ent fouling areas. The parameters of the engine
cleaning process can be based on the characteristics
of the fourth area
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